A three-dimensional model integrating computational fluid dynamics (CFD) and biokinetics was established to model an expanded granular sludge bed (EGSB) reactor in this study. The EGSB reactor treating synthesized municipal wastewater was operated at ambient temperature. The model provided satisfactory modeling results regarding hydrodynamics and biokinetics. The model shows that influent distribution was evenly distributed. In addition, butyrate and propionate degradation rates linearly decreased along the flow direction in the reactor. However, acetate degradation rate increased first and decreased later. VFA degradation rate distributions were different at each reactor cross section. VFA degradation rates near reactor wall were lower than VFA degradation rates at reactor axis. Moreover, a pulse high influent COD concentration had a tiny impact on effluent quality, which indicates that the reactor was stable while treating synthesized wastewater at adopted conditions.
Introduction
Expanded granular sludge bed (EGSB) is a granular sludgebased wastewater treatment technology and has been widely applied in high strength wastewater treatment. In addition, many researches regarding low strength wastewater treatment, that is, municipal wastewater treatment, have been reported [1] [2] [3] .
Vertical slim columns are applied as structures of EGSB reactors. However, a staged reactor structure resulted in a more efficient reactor [4] , which indicates that there is a need for the optimization of EGSB reactor structure. The optimization requires insight of hydrodynamics as well as biokinetics in EGSB reactors. The hydrodynamics and biokinetics in upflow anaerobic sludge blanket (UASB) were analyzed, which resulted in a model integrating hydrodynamics and biokinetics [5] . However, the integrated model was too complex and parameterized.
Alternatively, by the application of computational fluid dynamics (CFD), the hydrodynamics as well as mass transfer in EGSB reactors could be well obtained. Up to now, a few works applying two-dimensional (2D) CFD models have been reported [6] [7] [8] [9] . However, if a flow field is too complex to be simplified as a 2D model, a three-dimensional (3D) CFD model is required. Considering the complexity of flow near the inlet of an EGSB reactor, it could be better to apply a 3D CFD model. Regarding 3D CFD models, a few reports about continual stirred flow reactors and aerobic bioreactors as well as anaerobic digesters were reported [10] [11] [12] [13] . Nevertheless, reports regarding 3D CFD models about EGSB reactors are still not available.
Moreover, while hydrodynamics and biokinetic are needed to be integrated, it is considered that a 3D hydrodynamic model is better to be applied than applying a 2D CFD model. That is because real mass transfer conditions can be better modelled. After extensive 3D CFD modelling work regarding anaerobic digesters having been done, flow and biokinetics in anaerobic digesters are well known [7, [14] [15] [16] . Nevertheless, these researches were not related to EGSB reactors.
Influent distribution is considered playing an important role in reactor operations and especially essential at large scales. If influent distribution is required to be included in a CFD model, a 3D rather than a 2D CFD model is required. Reaction rate Butyrate degradation A 2D model can only be applied to model a reactor that is built in an axisymmetric structure. However, the distribution plate located at the bottom of the EGSB reactor made the reactor not axisymmetric. This study aimed at establishing a 3D CFD model regarding a EGSB reactor. In the model, water distribution was not assumed to be uniform and was included in the model. In addition, the model integrated anaerobic biokinetics, which was beneficial to obtain details regarding reactor operation such as influent distribution and reaction rates distribution. VSS concentration decreased along the flow direction in the reactor and is given by
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where is concentration of VSS, mg/L; ℎ is reactor height, 0∼46 cm. VFA were degraded in the sludge bed. Therefore, three bioprocesses shown in Tables 1 and 2 were included in the integrated model. VSS concentrations shown in (1) were included and were constant in the integrated model. Therefore, biomass decay and growth were not necessary to be included in the applied biokinetics.
Model Geometry.
In the EGSB reactor, a sedimentation zone (free flow zone) and a sludge bed right under the sedimentation zone were observed. COD was degraded in the sludge bed and almost no COD degradation took place in the sedimentation zone. In this model, the sludge bed was treated as a porous bed and no reaction occurred in the sedimentation zone. Two different modeling domains, that required different model strategies, are shown in Figure 1 .
Meshing.
The modelling domains were meshed in COMSOL Multiphysics (version 4.3 a) that was the model platform of this study. Average element quality was 0.52 cm while the minimum element quality was 0.0058 cm. The meshing was sufficiently fine and did not have an impact on modelling results.
Hydrodynamics and Mass Transport Modeling.
As shown in (1) , sludge concentrations at different locations in the EGSB reactor were different, which is different from well mixed anaerobic digesters and aerobic bioreactors [10] [11] [12] [13] . Sludge concentration has a big impact on sludge viscosity, which made sludge a non-Newtonian liquid [18] . However, water in the free flow zone was a Newtonian liquid. Therefore, influent flowed into a non-Newtonian phase and a Newtonian liquid consequently, which resulted in a modeling difficulty. Nevertheless, sludge bed can be treated as a porous bed while influent flowed in space between sludge particles. By this kind of treatment, it was not the sludge viscosity but sludge bed porosity and permeability had impacts on flow in the sludge bed because water and sludge particles were separated rather than treated as a single phase. By this kind of simplification, influent could continuously flow into and out of the sludge bed and then into the free flow zone.
The porosity and permeability of sludge bed were calculated by (2) and (3), respectively;
where is porosity; is wet granular density, kg/m 3 ; is sludge bed density, kg/m 3 ; is water density, kg/m 3 ; is permeability, m 2 ; V is wastewater superficial velocity, m/s; Δ is sludge bed height, m; Δ is pressure different across sludge bed height, Pa; is water viscosity, Pa/s.
In the sedimentation zone, limited sludge existed and the zone was a free flow zone. Navier-Stokes equations ( (4)- (5)) were applied to model the flow in the free flow zone. As for the mass convection and diffusion, (6) was applied in the free flow zone and sludge bed. Sludge bed was treated as a porous bed in the model. Brinkman equations ( (7)- (8)) were applied to model hydraulic dynamics in the sludge bed.
Continuity in the free flow zone is as follows:
Momentum in the free flow zone is as follows:
Mass convection and diffusion are as follows:
Continuity in the sludge bed is as follows:
Momentum in the sludge bed is as follows:
where is concentration of species, mol/m 3 ; is diffusion coefficient, m 2 /s; is reaction rate expression for the species, mol/(m 3 ⋅s); u is the velocity vector, m/s; is density of the fluid, kg/m 3 ; is pressure, Pa; is a mass source or mass sink, kg/(m 3 ⋅s); F is volume force, N/m 3 ; I is unit matrix.
Boundary
Conditions. Inlet boundary condition was velocity inlet, while pressure and no viscous stress boundary condition was applied to the outlet. The latter boundary condition corresponds to (9) . At the outlet, convection and migration were the governing mass transport mechanisms and diffusion transport was ignored:
where n is a unit vector.
Solver and Converge Conditions.
Stationary solver was applied to solve the integrated model. The solution converged while residual errors for pressure, momentum, and species concentrations were below 0.001.
Tracer Experiments.
The hydrodynamics and convection-diffusion of mass in the model were verified by applying CaCl 2 as a tracer. CaCl 2 was injected into the reactor while an influent distribution plate was fixed at the bottom of the reactor and the reactor was filled with clean water.
While sludge presented in the reactor, tracer experiment was not performed because potential adsorption and precipitation of Ca 2+ might result in loss of the tracer. LiCl is generally applied as a tracer in bioreactors. However, because analysis of Li + could not be performed while this research was carried out, tracer experiments were not performed while sludge presented in the reactor. Ca 2+ concentrations were measured by standard method [17] . Figure 2 shows the Ca 2+ concentrations obtained at the outlet of the EGSB reactor during the tracer experiment. Simulated Ca 2+ concentrations matched experimental Ca 2+ concentrations well, which indicates that the applied equations ((4)-(6), (9) ) could be applied to model hydrodynamics and mass transfer in the reactor where no sludge presented.
Results and Discussions
VFA concentrations at sampling points located at reactor wall were shown in Figure 3 . Although the influent total VFA concentrations were between 350 and 430 mg/L, the applied backflow largely diluted the influent VFA concentrations, which resulted in low real reactor influent VFA concentrations. Because propionate and butyrate concentrations at every sampling point (shown in Figure 3) were below detection limits of the two fatty acids (4 mg/L), propionate and butyrate concentrations could not be measured. In addition, almost all VFA were degraded in the sludge bed because no VFA could be detected at the outlet of the EGSB reactor. Figure 3 shows that measured and simulated acetate concentrations matched well, which indicates that applied hydrodynamics and mass transfer as well as biokinetic models were acceptable. The majority of propionate and butyrate were degraded at the bottom of the reactor, while acetate was quickly removed in the sludge bed. Moreover, Figures 2 and 3 indicate that hydrodynamics and mass transfer in the EGSB reactor could be modeled by ( (4)- (9)).
Hydrodynamics is important for bioreactors, as shortcut flow can result in low reactor efficiency. As for high rate anaerobic bioreactors, shortcut flow indicates that local organic load can be much higher than an expected value and consequently result in a poor reactor efficiency. Therefore, influent distribution at the inlets of high rate anaerobic reactors is important for overall reactor efficiency [19] .
Traditionally, modeling of an aerobic wastewater bioreactor relies on a hydrodynamic model that treats the reactor as a combination of a number of ideal reactors (CSTRs or plug flow reactors). Then, by the application of activated sludge models to each ideal reactor, effluent quality of a modeled reactor can be obtained. However, the construction of the hydrodynamic model is difficult and relies on experience [20] . Hydrodynamic models regarding anaerobic granular based reactors are much more complex than those regarding aerobic bioreactors [21] , which makes modeling anaerobic bioreactors difficult. Alternatively, hydrodynamics can be modeled by a few equations ( (4)- (5), (7)- (8)), which provides an accurate hydrodynamic modeling. Figure 4 shows the distribution of influent at the bottom of the reactor. While a distribution plate was not applied (Figure 4(a) ), influent could directly flow upwards with relative high velocity, which indicates that shortcut was incurred and reactor space was not fully utilized. While a distribution plate was applied (Figure 4(b) ), though influent velocity near the middle of the distribution plate was higher than the surrounding liquid velocity, the influent was much more uniformly distributed in the entire reactor cross section. The sludge bed was a porous bed and provided flow resistance to the influent, which resulted in further improvement in influent distribution (Figure 4(c) ). After flowing through the distribution plate, influent velocity immediately approached the required velocity, which indicates that a good influent distribution design was achieved. Up to now, relationships between operation parameters such as solid retention time, effluent quality, sludge activity, and microbial ecology variation have been well understood [1, [22] [23] [24] [25] . However, many aspects such as reaction rates at each point in a reactor are hard to know as obtaining relative parameters at each point is not practical. Figure 5 shows the VFA degradation rates in the sludge bed. The reaction rates of propionate and butyrate decreased along the flow direction in the reactor, which was different from that of acetate. The reaction rate of acetate increased and then decreased afterwards. That should derive from the conversion of butyrate and propionate into acetate, which resulted in a reaction peak. The distribution of reaction rates indicates that, due to the well influent distribution, a plug flow was well created in the reactor, which was beneficial for VFA degradation. Figure 5 also shows that VFA degradation rate distributions were different at each reactor cross section. VFA degradation rates near the reactor wall were lower than VFA degradation rates at the reactor axis, which is clearly shown in Figure 6 . The maximum reaction differences were in the range of 0.2∼0.4 mg/L⋅s. Nevertheless, the difference gradually decreased along the flow direction.
Reactor influents generally are provided by pumping that offers stable influent flow; therefore organic load fluctuation mainly comes from influent COD concentration variation, which results in effluent quality variation. When EGSB reactors are applied to municipal wastewater treatment, stability of effluent quality is interesting since influent COD level always fluctuates. The stability of the reactor was tested by providing a pulse COD load to the reactor in the model. The duration of the pulse COD load was 300 seconds. Influent COD increased from 300 mg/L to 600 mg/L, while influent flow velocity was constant. Figure 7 shows that the pulse COD load started and finished at 500 seconds and 800 seconds, respectively. The response of the pulse COD load showed that effluent VFA concentrations increased as the result of the influent COD pulse. However, VFA concentrations were still below the VFA detection limits. The butyrate concentration was quite low and Figure 7 can almost not show it. The stability test indicates that no matter how sharply COD load fluctuates, if COD load is always between 300 mg/L and 600 mg/L, the EGSB reactor could stably maintain VFA concentrations below the detection limits. 
Conclusions
A 3D CFD model was established, which included the effect of influent distribution in reactor hydrodynamics. In the model, the sludge bed in the reactor was treated as a porous bed, which was different from other publications that treated the sludge bed as a single phase that is different from water phase. Furthermore, the CFD model integrated biokinetics together, which could provide reactor operation details at different points in the reactor. Satisfactory modeling results regarding hydrodynamics and biokinetics were obtained. Based on this study, three conclusions can be obtained:
(1) The designed distribution plate could efficiently distribute influent at the bottom of the reactor, and the presence of sludge bed improved the influent distribution.
(2) The pulse increase of influent COD concentration from 300 mg/L to 600 mg/L had tiny impact on effluent quality, which showed good stability of the EGSB reactor.
(3) The degradation rate of acetate increased and then decreased along the flow direction in the reactor, while the reaction rates of propionate and butyrate decreased along the flow direction. VFA degradation rate distributions were different at each reactor cross section. VFA degradation rates near the reactor wall were lower than VFA degradation rates at the reactor axis.
